Artificial cow pats were seeded with Cryptosporidium oocysts and subjected to a simulated rainfall event. The runoff from the faecal pat was collected and different particle size fractions were collected within settling columns by exploiting the size-dependent settling velocities.
while asymptomatic animals may still shed up to 10 4 per g (Fayer et al. 2000) . The mastication of plant material within the cattle gut and the subsequent scouring of the stomach wall dislodges oocysts, and hence has a significant impact on Cryptosporidium -particle interactions.
The size of particles with which Cryptosporidium is associated is a major factor influencing the transport of these pathogens across a landscape, along a river or through a reservoir. Cryptosporidium associated with large particles has a greater chance of interception or settling, and so potentially there is a greater reduction in risk than if they were associated with small particles or transported as single unattached oocysts.
In contrast to bacteria and viruses (LaBelle & Gerba 1979; Gantzer et al. 2001) , there is a growing body of evidence suggesting that the tendency of Cryptosporidium oocysts to attach to particles is relatively low (Dai & Boll 2003) . Electrophoretic mobility measurements and calculated zeta potentials for Cryptosporidium oocysts indicate that these particles are strongly negatively charged at neutral pH (Ongerth & Pecoraro 1996) . Consequently they may be adequately aggregated and flocculated during conventional water treatment under alkaline conditions but may not adsorb well to natural clays in the environment. This hypothesis is supported by Dai & Boll (2003) who determined that oocysts tended not to attach to natural soil particles but would travel freely in the water. Novel work by Considine et al. (2000 Considine et al. ( , 2001 using atomic force microscopy to examine the surface properties of oocysts generally supported this hypothesis but concluded that protein-linked tethering between silica and oocysts can occur, which may facilitate adhesion. However, this interaction relies on contact and so there must be adequate turbulence in the system to increase the probability of collision between particles and oocysts.
Individual oocysts have been found to have a settling velocity in water of approximately 0.03 m d 21 (Medema et al. 1998) . This was found to increase to approximately 2.5 m d 21 when associated with particles from biologically treated sewage effluent, in which the sediment dynamics of the particles dominated over the smaller oocysts (Medema et al. 1998) . These sedimentation values were found to be well described by theoretical sedimentation kinetics, i.e. Stokes' law:
where V s is the settling velocity (m s 21 ), g is the acceleration due to gravity (m s 22 ), d is the particle diameter (m) (of either the single oocyst or aggregated particle), m is the dynamic viscosity of water (N s m 22 ), r p is the density of the particle (kg m 23 ) and r w is the density of water (kg m 23 ). Stokes' settling velocity calculation assumes that the displaced water movement around the particle is laminar (Reynolds 1984 (BTF Decisive Microbiology) was added to four samples to determine the percent recovery of Cryptosporidium from different fractions of the runoff (at 0, 5 and 15 min, and 24 h).
Settling column set-up
Duplicate artificial cow pats which had been seeded with 10 6 Cryptosporidium oocysts were simultaneously disintegrated under a simulated rainfall event and the generated runoff was collected and settled to enable different size fractions to be collected. The particle size distribution and
Cryptosporidium concentration of each fraction was determined.
Experiment 1
Duplicate faecel pats were subjected to a simulated rainfall event. The runoff slurry generated from each pat was mixed thoroughly and poured into six measuring cylinders to a height of 30 cm. Each duplicate treatment consisted of three 1 L measuring cylinders. Samples were withdrawn from each cylinder from 10 cm below the surface in a time series:
initial, 1 min, 2 min, 5 min, 15 min, 60 min, 240 min, 390 min and 1440 min. At 1440 min a sample was also taken from the very surface of the column. The three columns in each duplicate were sampled sacrificially to minimise impacts from reduction in volume due to over-sampling. Each measuring cylinder had four samples taken from it sequentially.
At each sampling time 10 mL was withdrawn for
Cryptosporidium concentration determination and 10 mL for particle size determination. The particle size distribution was determined using a Malvern Mastersizer.
Experiment 2
Duplicate faecel pats were subjected to rainfall as above and the runoff generated from each pat was divided between two measuring cylinders. Initial samples were withdrawn for the determination of particle size distribution and Cryptosporidium concentration. In this experiment single cylinders were used to create a gradient and each was sampled at either 1 h or 24 h from the surface, 10 cm, 20 cm and 30 cm below the surface.
Data analysis
Data analysis was performed with JMP software from SAS Institute Inc. ANOVA were performed following a test for homogeneity of variance. Where variance was not homogeneous, a Welch ANOVA was used. Treatments with significant differences were identified using a Tukey-Kramer post hoc test.
RESULTS
The particle size distribution of a portion of unmixed cow faeces was determined to confirm that the procedure for preparing the cow pat and seeding with Cryptosporidium did not affect the size of faecal particles (not shown). There was no significant difference in size distribution of faecal particles in untreated faeces and artificially prepared cow pats ( p ¼ 0.999 81). It is apparent that cattle are efficient at masticating and digesting grass into very small particles.
Consequently these particles will settle slowly in a water column.
Experiment 1
The particle size distribution at 10 cm below the surface was measured at regular intervals over 24 h. Initially a large proportion of the total volume of particles belonged to the larger size classes (Figure 1 ). However, throughout the course of the experiment, there was a sequential loss of the larger size classes from the sampling depth and a predominance of smaller particles. Initially 30% of the total particle volume at 10 cm was in size classes less than 17.2 mm. However, following 24 h in a settling chamber this increased to 83% (Figure 1 ).
If the Cryptosporidium oocysts were attached to larger particles a decrease in Cryptosporidium concentration at the depth sampled from would be expected over time. Figure 2 shows that this was not the case and that there was no significant difference in the concentration of oocysts in runoff from Pat 1 at any time ( p ¼ 0.6053). The concentration of oocysts in runoff from Pat 2 after 15 min was different from the concentration after 1440 min but no other samples differed significantly ( p ¼ 0.0310). Recoveries of ColorSeedY oocysts from different fractions were similar at 63%^4.4% (n ¼ 4).
Experiment 2
The volume of runoff collected was 6.8 L and 6.2 L from Pat However, as these large particles settled there was an enrichment at 30 cm after 1 h (36.5% for Pat 1, Table 1, 49.3% in Pat 2, Table 2 ). There was a concomitant enrichment of smaller particles near the surface after 1 h and 24 h ( Figure 3 , Table 1 , Table 2 ).
There was no significant difference in Cryptosporidium oocyst concentration between depths after 1 h ( p ¼ 0.399) or 24 h ( p ¼ 0.2421) for Pat 1 (Table 3) . For Pat 2 there was no difference in Cryptosporidium oocyst concentration with depth after 1 h ( p ¼ 0.5580, Table 3 ), but after 24 h there was a significant difference ( p ¼ 0.0493). There was no significant difference between 0 cm and 30 cm (Table 3) .
There was no significant difference in Cryptosporidium concentration at any depth between 1 h and 24 h except for Pat 2 at 0 cm which was significantly less at 24 h than at 1 h
DISCUSSION
Settling columns were used to size-fractionate particles from cow pat slurry. The two experiments used slightly different approaches to sampling. The first experiment had a sampling point 10 cm below the surface so the sampling over time showed a sequential loss of large particles and an enrichment of smaller particles. There was no significant Size category ( only be 6.7-11.6 mm: either single oocysts, or at most two oocysts aggregated together.
In conclusion, oocysts were not associated with large particles, but existed in cow pat slurry from rainfall runoff as single oocysts. This has significant implications for Cryptosporidium transport in a watershed and the risk reduction that could be expected due to settling in water supply reservoirs.
MODELLING CRYPTOSPORIDIUM DISTRIBUTION: THE ROLE OF SETTLING IN RISK REDUCTION

Model description
To investigate the significance of particle settling in drinking water reservoirs and its implications for reservoir management, a Cryptosporidium module was developed within the three-dimensional (3D) hydrodynamic-ecological model ELCOM-CAEDYM (Hipsey et al. 2004 ). In this model, oocyst viability is governed by temperature (T) and exposure to ultraviolet light (UV), and transport is governed by advection, settling and resuspension. The expression for oocyst fate and transport, without the 3D advective terms, is summarized as
where C is the oocyst concentration (oocysts/m 3 ), V s is the settling velocity (m s 21 ), Dz is the vertical grid size (m), t is the shear stress above the sediments (N m 22 ) and t is time (s).
The function f(T) describes the oocyst response to temperature and was adopted from Walker & Stedinger (1999) and the function f(UV) is based on data taken from Craik et al. (2001) ;
for a detailed description see Antenucci et al. (2005) . The oocyst resuspension function f(t) applies only in the grid cell immediately above the sediment and depends on the critical shear stress required for oocyst resuspension.
Case study: Myponga Reservoir, South Australia
The coupled model was applied to Myponga Reservoir (26 GL), South Australia, during an inflow event in May tration of Cryptosporidium oocysts to the reservoir sidearm. During this event, the inflowing water (,108C) was significantly cooler than the reservoir water (12 -158C) and
formed an underflowing density current that moved along the reservoir base to the dam wall. Hipsey et al. (2004) showed that the hydrodynamics (particularly the inflow dynamics and surface thermodynamics) for this 12-day event were in excellent agreement (to within 0.58C) with the thermistor chain data collected at two locations within the reservoir.
Measured oocyst loads in the river water were specified as the inflow boundary condition to the model (Figure 4) A cross section through Myponga Reservoir showing oocyst concentration at various times throughout the inflow is presented in Figure 5 . The inflow is denser than the reservoir water and so the oocyst-laden river water inserts at the bottom of the water column. The inflow water reaches the dam wall within 24 h and, as the The relative importance of each of the processes impacting on the concentration of oocysts is shown in Figure 6 , indicating that concentration reduction due to settling is three orders of magnitude less than that due to dilution/advection during inflow forcing. After the pass of the hydrograph peak, however, dilution due to advective forcing is less pronounced, but still maintains dominance over settling by a factor of 10.
These results clearly indicate that oocyst settling from the water column has little role in risk reduction for small to moderate sized reservoirs where oocysts enter via a river inflow. For the case of non-point-source oocyst contamination and weak hydrodynamic forcing, however, it is worth noting that settling is an order of magnitude more important than risk reduction due to inactivation alone. 
CONCLUSIONS
The results from the laboratory component of this work suggest that, providing there were no major changes to the surface properties of the oocysts during purification from calf faeces and during preparation of the artificial cow pats, the oocysts were not associated with large particles but existed in faecel runoff predominantly as single oocysts. This has significant implications for Cryptosporidium transport in a watershed and the risk reduction that can be expected due to settling in water supply reservoirs.
In drinking water reservoirs there is the opportunity for significant risk reduction due to dilution and settling if the Cryptosporidium oocysts were associated with large particles. However, in smaller reservoirs the travel timescale of inflowing water is too rapid for a significant risk reduction due to inactivation. If pathogens aggregate within a large matrix of faecel material then there is a much greater chance they will settle. By incorporating the laboratory settling estimates into a 3D model of Crypotosporidium fate and transport, it is shown that risk reduction due to settling of oocysts in drinking water reservoirs of small to moderate size under inflow forcing is considerably smaller than concentration reduction due to entrainment and dilution. This suggests that an understanding of the inflow entrainment and dilution process is the most important factor in determining the risk reduction capability of a reservoir.
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